Abstract Quantification of epileptiform activity in EEG has been applied for decades. This has mainly been done by visual inspection of the recorded EEG. There have been many attempts using computers to quantify the activity, usually with moderate success. In a row of contexts, including Landau-Kleffner syndrome and the syndrome of epilepsy with continuous spike wave during slow sleep, the spike index (SI) has been applied to quantify 'interictal nocturnal focal epileptiform activity', which is suggested as a general term for the epileptiform activity enhanced by sleep. However, the SI has been implemented differently by different authors and has usually not been well described and never properly defined. This study suggests a definition of SI that gives a semiautomatic and relatively robust algorithm for assessment. The method employs spike detection by means of template matching of the current source density estimate. The percentage of time within an epoch with interspike interval (ISI) below a given limit, usually 3 s, is returned as the SI. This is calculated during daytime and in non-REM sleep. The standard epoch length is 10 min. The parameter selection is discussed in the context of the influence of spikes and bursts on cognition. The described method gives reproducible results in routine use, gives clinical valuable information, and is easily implemented in a clinical setting. There is only a minor added workload for the electroencephalographer.
Introduction
It is well known that epileptiform activity in many patients increases during sleep (Sammaritano et al. 1991) . One characteristic pattern is continuous spike and wave during sleep. This was first described by Patry et al. (1971) reporting six children, five with seizures and one with no language. They called the pattern 'Electrical Status Epilepticus Induced by Sleep'. In 1977 Tassinari et al. (1977 suggested the name 'Electric Status Epilepticus during Sleep' or ESES and in 1985 the name 'Continuous Spike and Wave during Slow sleep' (CSWS) (Tassinari et al. 1985 , Bureau 1995 . This abbreviation has also been used for a syndrome which has created some confusion. However, the syndrome is now called epilepsy with CSWS according to the ILAE classification (1989) . Patry et al. (1971) stated that the amount of epileptiform activity during sleep should be more than 85% of the total duration of slow sleep, and they expressed this relation with a spike index (SI) without defining it clearly or referring it to an earlier described method. The SI has subsequently been referred to in publications since the seventies (Watanabe 1989; Sofijanov et al. 1992; Mariotti et al. 2000; Goldsmith et al. 2000; Hommet et al. 2000) , but the different methods used have usually not been clearly defined and seem to have been labour intensive, and perhaps not meant for clinical use. As examples among the SI definitions found in the literature, one expresses the total minutes with spike-waves multiplied by 100 and divided by the total number of minutes in NREM sleep without spike activity (Holmes and Lenck-Santini 2006) , and another one is based on dividing the number of spikes in each sleep stage by the time spent in that stage (Nobili et al. 1999) .
CSWS is a common phenomenon in the Landau-Kleffner syndrome (LKS) (Panayiotopoulos 2005; 2007) and is compulsory in the specific syndrome of epilepsy with CSWS (Deonna et al. 1977; Panayiotopoulos 2005) . Other disorders such as benign focal epilepsies of childhood also show activation or enhancement of epileptiform activity during sleep. There are reports, corroborated by our own experience, on the occurrence of epileptiform activity during sleep in children without a seizure history, but with behavioural and learning disorders. (Deonna 2000; Ballaban-Gil and Tuchman 2000; Castaneda-Cabrero et al. 2003; Besag 2004; Scholtes et al. 2005; Wilson et al. 2005; Larsson and Wilson 2005; Van Hirtum-Das et al. 2006; Silvestri et al. 2007) .
There is increasing awareness of the impact of epileptiform activity during sleep on cognitive function. This has lead to a demand for better methods for quantifying this activity.
The aim of the present study is to propose a new method for quantifying epileptiform activity in EEG during sleep and to apply this to patients with CSWS.
Methods
The SI is calculated as follows: The EEG is divided into epochs (typically with duration of 10 min). All individual spikes within an epoch are identified, and the interval between all consecutive spikes (ISI) is determined. Subsequently the sum of the time of all ISIs in an epoch where ISI is below a certain value (typically between 1 and 7 s) is calculated. This sum is divided by the duration of the total epoch to determine the SI for this epoch to give the index. In Fig. 1 an example of results obtained for a 20 s EEG epoch is given. With an ISI of 3 s the last 15 s are categorized as ongoing spike wave activity, whereas the first 5 s are categorized as spike free leads to a SI of 15/ 20 = 75%. By determining the SI for all consecutive epochs throughout the entire data set a temporal profile for the SI over time is obtained.
The method is given in standard mathematical notation in Appendix 1. A sample Matlab program is given in Appendix 2.
The spike activity varies with sleep stages with little activity during REM-sleep and increased activity during NREM sleep (Malow et al. 1997) . With this background we label the SIs in the epochs with SI above mean as NREM sleep SI. Accordingly REM SI is defined as the mean SI of the epochs with SI below the mean (Fig. 2) . Although we use the terms 'REM' and 'NREM', no sleep staging has been performed in this study, and the rationale for using these labels is given in the discussion below.
Spikes are detected by template matching. The template is made by marking one typical spike from onset to the positive peak, typically 90 ms, and is used for matching and averaging 50-100 spikes, usually from the first sleep cycle. In order to be included in the average, each spike should have a correlation coefficient above 75% with respect to the template spike, the correlation threshold being defined as the lowest correlation coefficient between the search and target waveform for an acceptable match. The average of the 50-100 spikes constitutes a second template, which is subsequently used to perform spike detection over the whole recording, this time with a 50% correlation threshold. The first averaging is done to make a smooth template. The high correlation coefficient in the first averaging is to minimize artefacts on the spikes being averaged. The lower threshold on the full search is to increase the sensitivity of the detections. Both these template matchings are performed using a spatio-temporal search as implemented by Besa (Megis) with the data transformed to a current source density (CSD) montage. The spatio-temporal search implies that a principal component analysis (PCA) is used. The first five principal components are used for the correlation of the template and the EEG. (Scherg et al. 2002) . If a peak in the cross-correlation function is found, the detection is assessed if exceeding a preselected correlation threshold, in this case 75% or 50%.
Routinely, a 4-40 Hz zero phase band pass filter is applied to minimize the influence of sleep related slow activity on the template matching. Both sleep and awake is matched with the same template. Following the second template matching, the sleep recordings are visually inspected. If there is a discrepancy above 10%, assessed by manual counting of missed detections between computer and electroencephalographer in approximately 10 pages of NREM sleep, the template matching is either restarted with a modified template or additional templates are used depending on the nature of the discrepancy. More than one focus requires more templates. The exact time point for each spike is used in the analysis, which is done by means of a Matlab (Mathworks) program made by one of the authors (PGL).
Full night recordings, either with 16 channels ambulatory recording system (Embla Ò , Flaga) or with 25-64 channel recordings from our long-term monitor unit (LTM) (Harmonie Ò , Stellate Systems) were used in the development of the quantification method. The BESA software (Megis) was used for reviewing and for spike detection.
Results
An example of SI variations over time is given in Fig. 2 where a 16 h EEG recording is plotted. In this example the epoch lengths are 10 min and the SI for 120 consecutive epochs are displayed over time. When the patient falls asleep, SI increases dramatically, and a cyclic variations in SI, corresponding to variations in sleep stage (Malow et al. 1997) , are seen throughout the whole sleep period. The horizontal line is the mean SI All values above this line is used for calculating the NREM SI. Figure 3 gives a plot of NREM sleep SI, with ISI \3 s versus number of spikes in 528 full night recordings from approximately 200 patients referred to our centre. There is almost a linear relation between number of spikes and SI for SI \60. Above 60 there is an asymptotic approach to SI = 100. The spread is larger than what was found between readers. E.g. at 10,000 spikes SI is calculated to be between 20 and 50.
To assess inter-reader reproducibility, ten consecutive routine referrals were recalculated blindly by one of the authors (PGL) (Fig. 4 ). There were major discrepancies for two of the ten dataset in the SI plot. The reason for these discrepancies seemed to be that the template matching for the routine recordings was only carried out for the most frequent spike category. During the control count less frequent spike categories were included. The mean difference in SI between the analyses, excluding the two outliers was 2.8. Including the outliers the mean difference was 9.3. In the spike count plot, there is low correlation between readers, with the mean difference being 9,806, i.e. the control reading returns in mean 36% higher spike count than the routine reading.
A robust general measure of intrapatient variability between different recordings is difficult to obtain due to covarying factors. However, some patients do show stable results over time. In the given example, there is a nap period during day giving a daytime peak in the first plot. Figure 6 shows findings in a patient having epilepsy with CSWS who had a moderate effect of antiepileptic medication as demonstrated with the method. The 
Discussion
A SI requires a set of qualities to be of clinical interest. The given index must convey clinically interesting information, be reproducible, both at different investigations and when handled by different electroencephalographers and be practically applicable. To accomplish this, a good spike detector is mandatory. On the other side, a robust method for calculation of the SI will to some extent compensate for the shortcoming in the spike detection. We suggest that SI should be calculated as the sum of ISIs where the ISI is less than 3 s and return this value as percentage of time in 10 min epochs. This gives an inherent stability of the calculation. The method is not sensitive to single missed detections as this typically increases the ISI from 1 to 2 s but is still well below the threshold of 3 s. Double detections are not influencing the calculations: With an ISI of 1 s, an extra detection would e.g. give ISIs of 0.2 and 0.8 s that sums up to 1 s and hence does not influence the calculated SI. The advantage of this method to spike counting alone is depicted in Fig. 4 where there is a high correlation between readers in the SI-calculation and a low correlation in spike counting.
There are several publications on spike detection. Despite high activity and many ingenuous methods, there is still no flawless spike detector (Gotman and Gloor 1976; Pfurtscheller and Fischer 1978; Gotman and Wang 1991; Gabor and Seyal 1992; Flanagan et al. 2003; Siniatchkin et al. 2007; Tzallas et al. 2006) . In the present study we decided to use template matching by means of the spatiotemporal search to add location information for further A patient recorded and analyzed twice with a 6 month interval. The patient was treated with antiepileptic drug during the period, but without effect. The patient was 6 years old at the first recording. In the first recording, sleep begins approximately 11 h after the start of recording (a). In the following recording, (b) sleep starts some 8 h after the start of the recording. The first record includes a nap period starting at epoch 20. There is an increase in spike index up to 100% during the nap Brain Topogr (2009) 22:52-59 55 discrimination. Template matching will only match one spike type and one location at a time. This gives control of the matching procedure but at the same time more foci would give an extra work load for the electroencephalographer. Ultimately, an automatic spike detector should be implemented.
In some of the patients with epileptiform activity during sleep a good sleep staging is impossible. However, a good correlation between NREM sleep and epileptiform activity has been clinically known for a long time and has been studied by Malow et al. (1997; 1998) . The break between REM-and NREM-sleep in this study is set by the average value of indexes in all epochs. With most values being at the extremes, even rather considerable changes in break value will not alter the NREM sleep SI (Fig. 2) .
The inter-reader comparison showed that, there are large differences in number of spikes with only minor differences in SI. This may be due to matching of the same spike complex detected with different spike templates. With other spike detection methods, spike propagations, and to some extent volume conduction of spike potentials, will give the same skewing of the results as multiple matches. A frequency measure and number counts will be influenced by multiple matches, but SI, as calculated here, will not. Some spikes may be very difficult to detect with computers, independent of method applied. Due to the proposed method's insensitivity to single misses this is often not a problem. However, in some cases there are some discrepancies in SI. In Fig. 4a two cases have inter-reader discrepancies. These discrepancies are probably due to assessment of a single spike focus in patients with multiple foci.
There is no a priori defined time interval between spikes that defines the epileptiform activity as continuous and resulting in cognitive dysfunctions. Reports from neuropsychological testing by means of computer-tests show that even brief bursts affect cognition (Matricardi et al. 1989; Rugland 1990; Binnie and Marston 1992; Aldenkamp et al. 2001) . Some studies point to disturbed such function with more than 1 s between stimulus and spike. Mirsky and Vanburen (1965) found in a continuous performance test significant drop in percentage of correct responses 4-5 s before the burst period.
In event related responses in healthy persons, most of the activity has been located within 800 ms from the stimulus. However, event related desynchronization and synchronization show components lasting for more than 2 s after physiological stimuli (Pfurtscheller et al. 1999) . In some cases, spikes give significant coherence in the gamma band up to 3 s after the spike onset (unpublished results). Due to reasons outlined above, we decided that the limit for continuous epileptiform activity should be an ISI of 3 s. The 3 s limit seems to give SI values similar to the published findings in LKS and epilepsy with CSWS (Bureau 1995) , which mainly have been estimated from visual inspection. With ISI of 1 s, the spike index will hardly ever reach 85 in the classical cases, even in the first sleep cycle.
The length of the epoch for calculating the SI is limited at both ends. The shortest interval where a robust value would be expected was estimated to contain at least 100 spikes. With a spike frequency of one spike per second in slow sleep, this would practically give 2 min epochs. On the other hand, as we need to see the periodicity between REM sleep and NREM sleep, a maximum epoch length of 10 min is estimated to be necessary. This is relates to the typical ultradian rhythm with sleep cycles of 70-100 min.
In all patients of this study both a 2 min and a 10 min epoch was calculated. However, clinically the 10 min epoch is now used, and the increased information, which is available with the 2 min epoch, is not utilized. The NREM Fig. 6 A patient recorded twice before (a) and after (b) start of anti epileptic drug treatment. The patient had a moderate treatment effect giving this difference in SI-plot SI is the same for both, and the information in the higher frequency bands has not yet been shown to be clinically useful.
The location and distribution of the epileptiform activity varies between patients, and some have several foci. It is not obvious how to correlate this to the clinical situation. At the moment we add all foci when we calculate the SI under the notion that it is the total spike load that matters. However, it would be expected that a well localized activity would have a seizure semiology related to that region. Accordingly functional deficits are expected to relate to the location of epileptiform activity. There is some support for this as language deficits is only seen in patients with parietal foci in EEG reflecting disturbance of an underlying area in the posterior part of the superior gyrus of the temporal lobe and adjacent areas (Lewine et al. 1999) . On the other hand, there are varying locations reported both in patients with attention deficit hyperactivity disorder (Silvestri et al. 2007 ) and in patients with autism spectrum disorders (Lewine et al. 1999) . Even so, in routine work ups using this technique, we are currently aggregating spikes from different foci and report a single value. It is our opinion that this gives the clinically most usable information.
Conclusion
As mentioned earlier, results must be reproducible, and the procedure must not be excessively laborious. To gain clinical acceptance, a method must give the clinician relevant information. The described method has been in clinical use for 4 years and is heavily utilized by the clinicians.
